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Understanding the conductivity variations induced by compositional changes in sodium super ionic conducting (NASICON) glass materials is highly relevant for applications such as solid electrolytes for sodium (Na) ion batteries. In the research reported in this paper, NASICON-based NCAP glass (Na 2.8 Ca 0.1 Al 2 P 3 O 12 ) was selected as the parent glass. The present study demonstrates the changes in the Na + ion conductivity of NCAP bulk glass with the substitution of boron (NCABP: Na 2. 27 Al, 23 Na, 11 B and 71 Ga nuclei) were used. The Raman spectrum revealed that the NCAP glass structure is more analogous to the AlPO 4 mesoporous glass structure. The 31 P MAS-NMR spectrum illustrated that the NCAP glass structure consists of a high concentration of Q 0 (3Al) units, followed by Q 0 (2Al) units. The 27 Al MAS-NMR spectrum indicates that alumina exists at five different sites, which include AlO 4 units surrounded by AlO 6 units, Al(OP) 4 , Al(OP) 5 , Al(OAl) 6 and Al(OP) 6 , in the NCAP glass structure. The Ga MAS-NMR spectrum suggests that gallium cations in the NCAGP glass compete with the alumina cations and occupy four (GaO 4 ), five (GaO 5 ) and six (GaO 6 ) coordinated sites. The Raman spectrum of NCAGP glass indicates that sodium cations have also been substituted by gallium cations in the NCAP glass structure. From impedance analysis, the dc conductivity of the NCAP glass ($3.13 Â 10 À8 S cm
À1
) is slightly decreased with the substitution of gallium ($2.27 Â 10 À8 S cm
) but considerably decreased with the substitution of boron ($1.46 Â 10 À8 S cm À1 ). The variation in the conductivity values are described based on the structural changes of NCAP glass with the substitution of gallium and boron.
Introduction
The existing technologies used today for electrochemical devices such as batteries are a better alternative to the dwindling fossil fuels in providing energy. 1, 2 This is relevant, because commercialized lithium ion batteries (LIBs) technology from 1991 is widely used for portable electronic devices.
3 Nevertheless, there are increasing needs to replace the existing LIBs because of the increasing cost of production of LIBs and because lithium is scarce. 1, 4, 5 In searching for alternative energy sources, abundant, economical and non-toxic sodium (Na) metal has been considered by the scientic community and continuous efforts have been carried out so far for the development of Na-batteries. [5] [6] [7] [8] Although the concept of Na-batteries has been proposed and proved several years ago, the topic has rematerialized again. Because of the heavier weight of Na batteries, they exhibit a primary disadvantage of having a low theoretical energy density compared to their lithium counterparts. Recent studies proposed that the output voltage of certain Na-based materials could compete with that of lithium batteries and thus, opened the opportunity to investigate and develop the Na-based materials. [5] [6] [7] [8] Considerable efforts are presently in progress to improve appropriate electrolyte and electrode materials for practically feasible Na-batteries. 7, 9, 10 Among the various types of electrolyte materials, solid electrolyte materials have attracted signicant interest compared to those of the liquid electrolytes because of the protection from leakage, volatilization, or ammability. [10] [11] [12] However, to create the solid electrolyte batteries, a high ionic conductivity of electrolyte materials (s Na T 10 À4 S cm À1 ) at room temperature (RT) is required. Many studies have already been carried out to develop a suitable RT solid electrolyte material. [13] [14] [15] [16] In this regard nonoxide chalcogenide glasses (Na 2 (Ga 0.1 Ge 0.9 ) 2 14 In general, NASICON and the relevant solid electrolytes are produced using a conventional solid state reaction process, which includes sintering and calcination over 1100 C. 22 The sintering process usually leads to the formation of voids and may disturb the development of new structured materials to gain high conductivity.
Glass-based electrolyte materials have numerous advantages because of their isotropic properties for ion migration. These advantages are: glasses are easy to mould, having low cost and desired properties can be easily tailored by changing their chemical compositions. 23 More importantly, the formation of voids during the sintering and calcination process can be easily avoided if the designed glass composition melts at a low temperature. It is also interesting to note that glasses having higher ionic conductivities than crystalline materials of the same compositions are fairly common. For example, the conductivity of glassy Li 3.6 P 0.4 Si 0.6 O 4 at 25 C is ten times higher than that of its polycrystalline form. 24 Moreno-Real et al. have studied the structure and conductivity of glass and crystalline Na 3 Al 2 P 3 O 12 material.
19 It was also observed that the conductivity of glass (v-Na 3 Al 2 P 3 O 12 ) material is higher than the conductivity of crystalline (c-Na 3 Al 2 P 3 O 12 ) material. It was also found that v-Na 3 Al 2 (PO 4 ) 3 has no signicant grain boundary contributions to the resistance. These examples clearly illustrate the possibility for the development of highly conducting glass-based materials rather than the crystalline materials. However, so far, only a few reports were found highlighting the sodium ionic conductors with the NASICON-type structure containing Al cations. 19, 25, 26 Therefore, the present research reported here, aims at developing the Al-containing NASICON (Na 3 Al 2 P 3 O 12 ) glass for use as a solid electrolyte material by understanding the glass structure and the modications that occur in the structure with the changes in its chemical composition.
To achieve and to optimise the desired properties from the glass-based materials, it is helpful to have a clear picture of the structure and the role of each cation. 27 It is known that to achieve greater conductivity (s ¼ cmq), in addition to increasing the concentration (c) and mobility (m) of the charge carriers, understanding the "structure" also plays a crucial role, and it should be considered as one of the key factors in designing the glass-based electrolyte material. 28, 29 Very recently, glass and glass-ceramic bilayer sealants for solid oxide fuel cell applications have been developed by systematically varying the chemical composition of glasses through an understanding of the structure of glasses. 23 Among the various techniques, magic angle spinning-nuclear magnetic resonance (MAS-NMR) and micro-Raman confocal spectroscopies are reliable techniques for structural characterization of glass materials. Solid-state NMR is particularly applicable for probing the coordination numbers of spin active nuclei such as 23 Na, 31 P and 27 Al, network connectivity and, in favourable cases, next-nearest neighbour (NNN) connectivity, whilst Raman and infrared spectroscopy can be utilised to probe the nature of the bond between the metal cation and its surrounding oxygen anion.
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In the present study, the NASICON-based glasses with a modied chemical formula of Na 2.8 Ca 0.1 Al 2 P 3 O 12 (NCAP) was considered as a starting glass composition to design and develop the solid-based electrolyte material. The structure of the NCAP glass was studied thoroughly. The NCAP glass composition was further modied using the substitution of boron (B) and gallium (Ga) for phosphorus (P) according to the chemical formula of Na 2.8 Ca 0.1 Al 2 P 2.7 X 0.5 O 12 (where X ¼ B and Ga). The B and Ga cations were substituted to observe the changes in the structure of the NCAP glass and thereby to utilise them for further improvement in the conductivity of NCAP glass. The 27 Al, 11 B, 71 Ga, 23 Na, and 31 P MAS-NMR and microRaman techniques were utilised to elucidate the structure of the newly designed glasses. The modied glass materials were also characterised, using impedance measurements, to check their applicability as an electrolyte material for batteries.
Experimental
The experimental glasses in bulk form were prepared using the melt quenching technique. High purity powders of ammonium dihydrogen phosphate [(NH 4 C at a heating rate (b) of 1 C min À1 followed by a dwell time of 6 h at 350 C; (ii) from 350 C to 600 C at b ¼ 1 C min À1 followed by a dwell time of 3 h at 600 C; and (iii) from 600 C to 900 C at b ¼ 4 C min
À1
followed by a dwell time of 1 h at 900 C. The decarbonized batch mixture was rst melted in an alumina crucible and then re-melted again in a platinum crucible to obtain better homogeneity at 1350 C for 2 h, in an air atmosphere. The glasses in bulk form were obtained by quenching the glass melt into a preheated (400 C) stainless steel mould followed by annealing at temperatures around the glass transition temperature of 350 C. 19 The amorphous nature of the glasses was conrmed using X-ray diffraction (XRD) analysis. Ga were compared to 85% of aqueous phosphoric acid, 1 M NaCl solution, 1 M aluminum nitrate solution, 1 M boric acid solution (19.5 ppm), and 1 M gallium nitrate solution, respectively. To extract the NMR parameters, chemical shi, quadrupolar coupling constant and integrated peak area of the individual peaks from the experimental spectra, the DMFIT programme developed by Massiot was used.
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For impedance analysis, all the glass samples were uniformly cut into to 8 Â 8 mm 2 squares with a thickness of 1.5 mm and polished to optical grade quality and then hand coated with high conductivity (volume resistivity ¼ 0.0174 ohm cm) silver epoxy (Cat. no. 8331-14G, MG Chemicals Ltd., Canada). The silver coated glass samples were cured over night at $100 C in an air circulating oven. The conductivity measurements were carried out in the frequency range of 50 Hz to 1 MHz with 3 V root mean square (rms) using an LCR Hi-Tester model HIOKI-3532-50 (Hioki E. E. Corporation, Japan). A two-probe setup with test leads connected to a Test Fixture HIOKI-9262 was used to acquire the data. The real time data was acquired using HIOKI LCR HiTESTER soware version 4.03E. The temperature dependent frequency characteristics of the glass samples were measured from RT to 200 C with a 25 C interval using a DPI-1200 high temperature dry calibrator (Divya Process Instruments) with temperature accuracy of AE1 C. The Raman spectrum for observed NCAP glass was similar to that of Na 3 Al 2 P 3 O 12 (NAP) glass reported by Yifen et al.
Results

Raman spectroscopy
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Therefore, the peak obtained at 1040 cm À1 can be unambiguously assigned to the symmetric stretching vibrations of the AlPO 4 groups, in which the phosphorus tetrahedral units are surrounded by alumina tetrahedral units as the second nearest neighbour. Nevertheless, a slight discrepancy was found when assigning the peak observed at 1210 cm À1 because of the at and broad nature of the peak. In order to assign the peak to specic structural units, the deconvolution procedure was used for the high frequency region peak (800-1400 cm
À1
) with four Gaussian peaks and this is presented in Fig. 2 With the Ga substitution, the concentration of Q 2 structural units associated with alumina decreased at the expense of Q 2 structural units associated with sodium. In addition, the position of the peak observed at 1161 cm À1 for NCAP glass was also shied towards the higher frequency and positioned at 1177 cm À1 for NCAGP glass. These changes resulted from the modications in the environment of Q 2 structural units and were directly related to the decrease in sodium concentration. Therefore, the band observed at 1177 cm À1 for NCAGP glass can be assigned to the Q 2 units associated with Na as well as Ga, which might be in the form of GaO 6 modier cations. 38, 39 The decrease in the Raman shi of P-non-bridging (or terminal) stretching vibrational modes with the increase in Na content in the system of Na 2 O-Ga 2 O 3 -P 2 O 5 diphosphate glasses was also attributed to the inuence of the NaO 6 substitution for the GaO 6 units. 39 The variation in the intensity of the peak at 310 cm À1 in NCAGP glass, which can be assigned to the bending vibrations of the PO 4 units with a cation as the modiers, 40 also conrmed the changes in the Na environment.
Considering the vibrations in the middle frequency region, the bands observed in the low frequency region at 620 cm À1 and 500 cm À1 for NCAP glass were attributed to the stretching vibrations of the AlO 5 and AlO 6 units, respectively. 38 With the substitution of boron, the intensity of the peak corresponding to the AlO 5 units had decreased and the same was observed for the AlO 6 units. These changes were possibly observed because of the rearrangements of the AlPO 4 network structure. However, with the substitution of Ga, the intensity of the peak corresponding to the AlO 5 units was increased signicantly. Whereas, no signicant changes were observed in the peak corresponding to the AlO 6 units. The bands observed at 575 and 460 cm À1 were assigned to the different bending vibrational modes of the network units. Fig. 3 shows the 27 Al MAS-NMR spectra for all the glasses. Each spectrum shows three resonance peaks including the peak at the higher chemical shi side that can be assigned to the AlO 4 units. The lowest peak can be assigned to the AlO 6 units, and the peak in the middle can be assigned to the AlO 5 units.
MAS-NMR
41
These three peaks were distinct and isolated from each other for NCAP and for NCABP glass compositions. However, the peaks corresponding to AlO 4 and AlO 5 units were overlapped with each other for the NCAGP glasses. From the multiple quantum MAS (MQMAS) spectra shown in Fig. S1 and S2 (ESI †), it was However, the spectrum for each glass can be easily deconvoluted into a sum of four/ve Gaussian peaks, as shown in Fig. 5 . Deconvoluted results are summarised in Table 2 . It was clearly observed that the chemical shi values aer the deconvolution were more analogous to the values obtained for AlPO 4 glass and crystalline materials, [42] [43] [44] which was in accordance with the Raman experimental results. On the basis of the peak assignments for AlPO 4 glass-and crystalline-based materials, [42] [43] [44] it was suggested that the deconvoluted components obtained can be easily assigned to Q 0 species linked to different numbers of aluminium (Al) neighbours. In general, the building units in the aluminophosphate glass network were identied using the Q n (mAl) nomenclature. 41, 45 The index "n" is the number of phosphorus atoms and "m" is the number of aluminum atoms that are connected to the central phosphorus atom. This notation makes no distinction between AlO 4 and AlO 6 NNN atoms. Therefore, the deconvoluted curves were assigned to the various Q 0 (mAl) species (where the value of m varies from 0 to 4) as follows: the signals with the centre of peaks at around 4-7 ppm and À2 to À3 ppm could be assigned to the isolated phosphate tetrahedral associated with one and two Al atoms (i.e., Q 0 (1Al) and Q 0 (2Al) species), respectively, the signals around À12 to À10 ppm and $À19 ppm, could be attributed to Q 0 (3Al) species and Q 2 (0Al) species, respectively, and nally, the signal around À24 to À27 ppm could be assigned to Q 0 (4Al) species. species, indicating the higher concentration of Q 0 (3Al) species followed by Q 0 (2Al) species in all the glasses under study. Al MAS-NMR spectra.
44,46,47
Fig. 4
31 P MAS-NMR spectra. (Blue color represents the experimental spectrum, orange color represents simulated spectrum and black color represents deconvolution curves). 23 Na MAS-NMR spectra of all the glasses are shown in Fig. 5 .
The spectra for NCAP glass displays broad resonance with the peak centre at À9 ppm. The chemical shi was slightly shied towards lower ppm values with the substitution of B 3+ and Ga
3+
cations for P 5+ cations in NCAP glass.
The 11 B MAS-NMR spectrum for NCABP glass is presented in Fig. 6a . The spectrum shows two broad resonance peaks placed at 15.8 ppm and 3.2 ppm. The peak at 15.8 ppm dominates the spectrum and this can be attributed to boron species in threefold coordination (BO 3 units).
50,51 Whereas, the peak at 3.2 ppm can be attributed to boron species in four-fold coordination (BO 4 units). 50, 51 The relative proportion of BO 3 units and BO 4 units, obtained from spectral integration, further revealed that 78% of the boron is placed in three-fold coordination and 22% of the boron is placed in four-fold coordination. Closer observation of the asymmetric nature towards the lower chemical shi values of the peak at 15.8 ppm clearly indicated the presence of two distinct BO 3 units [BO 3 (ring) and BO 3 (non-ring)] in the NCABP glass structure. 52 Nevertheless, the presence of a peak intensity at 15.8 ppm mainly indicated the presence of a high concentration of BO 3 (ring) type units, which are typically found in borate networks. Fig. 6b shows the 71 Ga MAS-NMR spectrum for NCAGP glass.
The spectrum is very broad, which is a salient feature because of very strong quadrupolar coupling of the 71 Ga nuclei, and is more similar to the spectra reported for the NaPO 3 -Ga 2 O 3 glasses. 53 It has been reported that the 71 Ga MAS-NMR spectrum is more analogous to the 27 Al MAS-NMR spectrum for glass materials.
54 Therefore, the three distinct signals at À38 ppm, 44 ppm and 94 ppm were attributed to GaO 6 , GaO 5 , and GaO 4 Ga MAS-NMR spectrum for NCAGP glass. Inset of (b) presents the indication of GaO 4 , GaO 5 and GaO 6 chemical shifts.
units, respectively, based on the compound network. 53 The calculation of the relative proportion of these units was very difficult because of the strong anisotropic quadrupolar broadening. Fig. 7 shows Nyquist plots for all three glass samples at 100 C.
Impedance analysis
The plots are tted to an equivalent circuit as shown in the inset of Fig. 7 . A reasonably good t of the plots revealed a single semi-circle nature, and conrmed that there was a uniform charge transfer process in the prepared glass samples. The frequency response of the impedance of the glass samples tted to the equivalent circuit is also shown in the inset of Fig. 7 . The corresponding tted values are listed in Table S1 (ESI †). It can be clearly seen that the diameter of the semi-circle increased when Ga and B were substituted for 'P' in the NCAP glass indicating the enhanced bulk resistance of the glass. The nature and behaviour of the impedance spectra for the Ga and B substituted glasses were similar at temperatures up to 200 C in the present case. For all the glasses, the semi-circular nature of the impedance spectra were observed at the operating temperature of 100 C and above indicating the free mobility of the intact Na + ions even at lower frequencies in the glass network.
The inclined straight line at the lower frequency region was because of the electrode polarization. 55 The bulk resistance R, which is equal to Z 0 when Z 00 ¼ 0 at the lower frequency region, was used to calculate the dc conductivity, s dc of the samples using the relationship 
Discussion
The Raman and MAS-NMR results clearly illustrate the presence of isolated phosphorus tetrahedral units surrounded by alumina tetrahedral units as NNN in the NCAP glass structure. More precisely, the NCAP glass structure can be illustrated with the high concentration of Q 0 (3Al) units (68%) followed by Q 0 (2Al) units (24%). It has been reported that the addition of alumina into the sodium phosphate glasses directly inuences the P-O-P crosslinks by replacing the P-O-P bonds with P-O-Al bonds and the network structure disrupts because of the following disproportion reaction:
. 41, 45, 46 Therefore, the presence of Q 2 (0Al) type structural units in the NCAP glass structure cannot be neglected. Despite the conrmation of Q 2 units from the high-frequency region of the Raman spectrum (as shown in Fig. 2 ), the indication of chemical shi values corresponding to Q 2 units was not identied from the 31 P MAS-NMR spectrum. This could be because of the overlap of a similar range of resonance frequencies (À20 to À25 ppm) for Q 0 (4Al) and Q 2 units.
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Noting that the Na-O-Al bonds or non-bridging oxygens (NBOs) for Al tetrahedra do not exist, the AlO 4 species bounded by isolated PO 4 units should not be considered as anionic. In general, the stability of the structural units can be understood based on the total bond strength, expressed in terms of valence units (VU ¼ charge/coordination number), of the oxygen associated with the structural unit. Each alumina cation in its fourfold coordination contribute 0.75 VU to the next nearest oxygen, whereas the phosphorus ion in its isolated tetrahedral form contributes 1.25 VU to the next nearest oxygen, resulting in perfectly charge-balanced oxygen atoms within the P(4)-O-Al (4) bridges. This suggests that AlO 4 units surrounded by Q 0 units may not require charge compensation from Na + cations. Here that some of the modier cations are required for compensating the charge of AlO 6 units, which are part of the Q 0 (3Al) units.
56
Nevertheless, the concentration of the AlO 6 units ($7.5%) obtained ( type tetrahedral contributes 1 VU to each bridging oxygen (BO) and 1.5 VU to each NBO and the required 0.5 VU can be directly provided by the AlO 6 units. Overall, the MAS-NMR and Raman spectra suggest that the NCAP glass structure is more analogous to the structure of AlPO 4 mesoporous glass. However, the available sodium cation in NCAP glass composition disturbs the fully polymerized Q 0 (4Al) structure, which is characteristic of the AlPO 4 structure, into the depolymerized structure and this leaves the Q 0 (3Al) and Q 0 (2Al) units ( Table 2 ). The changes in the chemical shi and the fraction of Q 0 (mAl) species (Table 2) clearly indicates the signicant inuence of B 3+ and Ga
3+
cations on the further rearrangement of the NCAP glass structure. The discussion in the next section explains the inuence of Ga and B on the structure of NCAP glass and the consequence in achieving high electrical conductivity, a critical requirement for electrolyte materials.
Inuence of gallium
Quantitative analysis of Q 0 (mAl) units requires Q 0 (2Al) and Q 0 (3Al) units to be slightly depolymerized with the addition of Ga. It has been found that both Ga and Al in oxide-based glasses oen behave as network intermediates. 54 It was observed in crystalline phosphates that the 31 P chemical shi increases by z4 ppm for each replacement of Al 3+ by Ga 3+ cations because of the decrease in the P-O-Al bond angle with the substitution of Al by Ga. 57 Likewise, the 31 P MAS-NMR chemical shi increases on an average of 1 ppm for 5% substation of Ga for Al in AlPO 4 glass systems. 58 Therefore, the decrease in chemical shi of Q 0 (3Al) species illustrates that one Al site is substituted by a Ga site. The changes in the Raman spectrum for NCAGP glass suggests that some of the Na + cations are also replaced with Ga.
Nelson and Exarhos have explained the variation in the symmetric stretch Raman frequency of the P-O À bonds with respect to the interaction between metal cation and NBO and postulated the following: increasing the O-P-O (intra tetrahedral angle) bond angle, which decreases with decrease in cation radius, decreases the stretching vibrations of the PO 2 tetrahedral. 59 In the present study, the shi in frequency of the Q 2 units, which are connected with octahedral sodium, towards a higher frequency conrms the substitution of Ga for Na. The chemical shi corresponding to the Q 2 (GaO 6 ) units should appear at around À7 ppm in the 31 P MAS-NMR spectrum.
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Because of the overlap of this chemical shi range with the broad chemical shi range of the Q 0 (3Al) units, the presence of the Q 2 (GaO 6 ) units were not identied from the analysis of the 31 PMAS-NMR spectra. Nevertheless, the increase in full width at half maximum (FWHM) of the peak corresponding to the Q 0 (3Al) units from 11.6 ppm to 12.7 ppm conrms the contribution of the Q 2 (GaO 6 ) units in the total concentration of the Q 0 Fig. 8 Variation of dc conductivity and activation energy behaviour with the addition of gallium and boron in NCAP glass. (3Al) units. However, it has been observed that increasing the concentration of Ga increases the Q 0 (3Ga) units in the NaPO 3 glass system. 53 This clearly demonstrates that the added Ga 3+ cations in the NCAP glass system behave like Al 3+ cations and might lead to the increase in the concentration of the Q 0 (3Al) units in the NCAGP glass system. Deconvolution analysis of the 27 Al MAS-NMR spectra [ Fig. S1 and S2 (ESI †)] reveals the presence of ve different sites of alumina in the NCAP and NCAGP glass structure. Results obtained aer the deconvolution are presented in Table 3 . In general, the 27 MAS-NMR spectrum for NCAP glass reveals that the NCAP glass consists of an AlO 4 tetrahedron surrounded by the AlO 6 octahedron units. Therefore, the peaks appeared aer the deconvolution are assigned to the following structural units: the peak at around 60 ppm is attributed to the AlO 4 tetrahedra connected to the AlO 6 octahedra units, the peak at around 50 ppm is assigned to Al(OP) 4 units, the peak at around 26 ppm is assigned to Al(OP) 5 units, the peak at around 16 ppm is allocated to Al(OAl) 6 units, and the peak at around À2.5 ppm is attributed to Al(OP) 6 units. 61 Nevertheless, the deconvolution peaks obtained from the 27 Al MAS-NMR spectra for NCAGP glass appeared in the more deshielded region compared to that of NCAP glass. This shi was attributed to the effect of partial substitution of Ga for Al in AlO 6 sites, which are attached to the AlO 4 tetrahedron, and Ga for P in PO 4 units, which were connected in Al(OP) 5 and Al(OP) 6 units. The 27 Al MAS-NMR spectra for NCAGP glass indicates that the addition of Ga 3+ also increased the fraction of AlO 5 /AlO 6 units ( Table 3 ). The similar increasing tendency of AlO 5 /AlO 6 concentration was also observed with the increase in the concentration of Ga in the AlPO 4 glass structure. 58 Hee et al. studied the effect of progressive addition of Ga 2 O 3 on the local glass structure of NaPO 3 , and reported that Ga attains the GaO 6 , GaO 5 , and GaO 4 sites only in the medium concentration range of 12-25 mol% Ga 2 O 3 , which is much higher than the concentration in the present study. 60 The 71 Ga MAS-NMR spectra for NCAGP glass, which contains 6 mol% of Ga 
64,65
The same chemical shi of four-, ve-and six-coordinated aluminium compared with NCAP glass further conrms that the Al-O-B linkages are absent in NCABP glasses. The increase in intensity of the Raman vibrational band corresponding to AlO 6 units at 500 cm À1 and the change in chemical shi of the 27 Al MAS-NMR spectra for the Al(OP) 6 units (Table 3) , further suggests that the ionic character between Al and O might be decreased through the decrease of the average Al-O bond length in the Al(OP) 6 unit. 31, 61 This indicates the rearrangement of Q 0 (3Al) and Q 0 (2Al) units with the addition of boron. This activity could be explained based on the formation of borate and borophosphate domains in NCABP glass. In general, the excess of phosphorus is primarily responsible for the formation of the Al(OP) 5 and Al(OP) 6 units in aluminophosphate glasses.
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Nevertheless, the formation of borate and borophosphate domains decreases the excess phosphorus available for the Al(OP) 5 and Al(OP) 6 units, and thus, increases the probability for the formation of the Al(OP) 4 (Table 3 ). This might be responsible for increasing the concentration of Q 0 (3Al) units in NCABP glass.
Ion conductivity
On the basis of the previous analysis, the structural changes associated with the Na + ionic conductivities in the NCAP glass can be correlated. In general, all the phosphorus Q 0 (mAl) species present in the network structure should be electrically neutral to neutralize the total glass. Therefore, the charges located on each species can be calculated on the basis of band valence consideration, and this is more analogous to the models proposed by Ren and Eckert 53 for alumina phosphate glasses. Considering the AlPO 4 structure, which contains an equal number of the AlO 4 and PO 4 In addition, the existence of several environments for alumina, as is revealed from the broad signals of 27 Al MAS-NMR spectra, also suggests the discontinuity of the electric eld limiting conduction process in the NCAP glass structure. These results support the fact that lower mobile ion conductivity was achieved from NCAP glass that from any other types of NASICON glasses.
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The changes in the environment of the Na + cation in the NCABP and NCAGP glasses are also accounted for from the observation of changes in 23 Na MAS-NMR spectra. In general, the 23 Na MAS-NMR chemical shi is highly sensitive to the coordination number and the Na-O bond length. The 23 Na chemical shi is correlated well with the Na-O bond length because the chemical shi decreases with the increasing average bond length. Apparently, the increase in coordination number leads to an increase in the Na-O bond length and thereby increasing the interaction. 69 Therefore, the decrease in the 23 Na chemical shi value clearly suggests a strong interaction of Na + cations with the Q 0 (mAl) species in boron and Ga containing glasses, than in the NCAP glass. In support of this, the experimental conductivity results revealed that the electrical conductivity was decreased with the addition of Ga and was decreased even further with the addition of boron. The signi-cant decrease in the conductivity of NCABP glass could be because of the formation of borate and borophosphate domains. 50 The conductivity of NCAGP glass was slightly decreased because of the possible mixed intermediate effect. In addition, the formation of a high concentration of AlO 5 /AlO 6 units, which generally compensates the charge of the Q 0 (mAl) units instead of the Na + cation, when compared to that of NCAP glasses also increases the distance between the hopping centres for Na + ion mobility. 68 The previous results suggest that decreasing the Q 0 (3Al) units and increasing the charge compensation centres in the network structure might increase the conductivity of the NCAP glass. Therefore, further experimental studies are required to enhance the ionic conductivity at RT for the NCAP glass to be useful for Na-ion batteries.
Conclusions
In summary, the structural and electrical properties of sodium super ionic conductor (NASICON) based phosphate glasses having the chemical formula Na 2.8 Ca 0.1 Al 2 P 3 O 12 (NCAP) were evaluated thoroughly using Raman, MAS-NMR, and impedance spectroscopy techniques. Furthermore, the inuence of boron and gallium on the structural and electrical properties of NCAP glass were also studied. The NCAP glass network structure consists of a high concentration of the Q 0 (3Al) units followed by the Q 0 (2Al) units, as conrmed from the Raman and 31 P MAS-NMR spectra. A high concentration of the Q 0 (3Al) units leads to suppression of the hopping sites required for long-range motion of the mobile sodium ions, which is also responsible for the low conductivity achieved compared to the other NASI-CON based glasses. The 27 Al MAS-NMR spectra further indicate that aluminium plays a major role in constructing the NCAP structure. The existence of alumina in ve different sites might impede the electric eld, which further limits the mobility of the Na + in the NCAP glass structure. 11 B and 31 P MAS-NMR spectra for NCABP glass indicate that boron cations in the NCABP glass structure interacted with phosphorus cations and created the borate and borophosphate domains by forming B 3 -O-B 4 -O-P 4 linkages. Formation of domains and the increased fraction of the Q 0 (3Al) units signicantly reduced the conductivity of NCABP glass compared to that of NCAP glass. Gallium competed with the aluminium cations and partially occupied the possible four, ve and six coordination sites for alumina in NCAP glass, as revealed from the 27 Al and 71 Ga MAS-NMR spectrum for NCAGP glass. A slight increase in the Q 0 (3Al) units and disturbance in the arrangement of alumina occupied sites slightly reduced the conductivity of the NCAGP glass.
Results obtained from the present study indicate that reducing the overall concentration of the Q 0 (3Al) units and limiting the distribution of alumina sites might improve the Na-ion conductivity in the NCAP glass.
